The origin of nerve fibers to the rat middle cerebral artery was studied by retrograde tracing with the fluorescent tracer True Blue (TB) in combination with immunocytochemistry to known perivascular peptides. Application of TB to the middle cerebral artery labeled nerve cell bodies in the ipsilateral superior cervical gan glion, the otic ganglion, the sphenopalatine ganglion, the trigeminal ganglion, and the cervical dorsal root ganglion at level C2. A few labeled nerve cell bodies were seen in contralateral ganglia. Judging from the number and inten sity of the labeling, the superior cervical ganglion and the trigeminal ganglion and dorsal root ganglion at level C2 contributed most to the innervation. A moderate number of nerve cell bodies were labeled in the sphenopalatine and otic ganglia. The TB-labeled nerve cell bodies were further examined for the presence of neuropeptides. For
The cerebral circulation is supplied with at least three types of perivascular nerve fibers (Edvinsson et aI., 1987b) . A rich plexus of sympathetic fibers store noradrenaline and neuropeptide Y (NPY). A system of parasympathetic fibers which contain acetylcholinesterase, vasoactive intestinal peptide (VIP) and peptide histidine isoleucine amide (PHI) and, finally, a system of sensory afferent fibers con tain peptides such as substance P (SP), neurokinin A, and calcitonin gene-related peptide (CGRP) (cf. Uddman, 1987) . The origin of these systems have that purpose antibodies raised against neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), sub stance P (SP) and calcitonin gene-related peptide (CGRP) were used. A considerable portion of the TB-labeled nerve cell bodies in the superior cervical ganglion con tained NPY. About half of the labeled nerve cell bodies in the sphenopalatine and otic ganglia contained VIP. In the trigeminal ganglion and in the dorsal root ganglion at level C2, one-third of the TB-labeled nerve cell bodies were CGRP-immunoreactive, while only few nerve cell bodies contained SP. The study provides direct evidence for the origin of cerebrovascular peptidergic nerve fibers and demonstrates that not only ipsilateral but also contralat eral ganglia contribute to the innervation of the cerebral circulation. Key Words: Retrograde tracing-True Blue Immunocytochemistry-Middle cerebral artery. not yet been fully elucidated. Recently, a retrograde axonal tracer True Blue (TB) has become available. This tracer allows the simultaneous demonstration of the cellular localization of the tracer and the im munocytochemical localization of different anti genic compounds. In the present study, we have utilized this approach to give a comprehensive and detailed description of the extrinsic innervation of the rat middle cerebral artery.
MATERIAL AND METHODS

Tracer injection
True Blue (TB) (trans-I,2,-bis(5-amidino-2-benzo furanyl)ethylene 2HCl) was provided by Dr. Illing (GmbH & Co KG, Gross-Umstadt, F.R.G.). TB was sus pended (2-3%, wtlvoi) in distilled water. Under pentobar bital anesthesia (30 mg/kg body weight) five rats were fixed in a stereotaxic head frame. A sagital scalp incision was made between the eyes. The scalp and the temporal muscle on the right side were retracted laterally. A bone window was drilled behind the orbital rim. The window was enlarged and the dura mater was transected. The dural edges were coagulated and retracted. The trunk of the middle cerebral artery was identified, the arachnoid over the proximal portion of the middle cerebral artery was incised and retracted. A small piece of Spongostane (Ferrosan, Denmark) preabsorbed with 0.1 /-LI TB was then placed over the exposed artery. A small sheet of Parafilm was placed over the exposed area to prevent contact with either temporal muscle or dura mater.
Tissue processing
After 2 weeks the animals were killed by decapitation under pentobarbital anesthesia and the middle cerebral artery together with small blood vessels of the circle of Willis were dissected out. In addition, the superior cer vical ganglion, the sphenopalatine ganglion, the otic gan glion, the geniculate ganglion, the jugular-nodose gangli onic complex, the trigeminal ganglion, and the dorsal root ganglion at level Cz were dissected out bilaterally. The tissue specimens were immersed in an ice-cold mixture of 2% formaldehyde and 15% saturated aqueous picric acid solution in 0.1 M phosphate buffer, pH 7.2, for 12 h. They were then rinsed in a Tyrode solution containing 10% sucrose for 48 h. The cerebral arteries were spread as whole mounts on chrome alum-coated microscopic slides. The ganglia were frozen on dry ice and serially sectioned in a cryostat at 15 /-Lm thickness and examined for tracer fluorescence in an epi-illumination fluorescence microscope fitted with appropriate filter settings for view ing TB and fluorescein isothiocyanate (FITC) fluores cence alternatively. Sections harboring labeled nerve cell bodies were subsequently processed for immunocyto chemistry.
Immunocytochemistry
The sections were processed for the immunocytochem ical demonstration of NPY, VIP, SP, and CGRP using the indirect immunofluorescence method (Coons et aI., 1955) . Details of the antisera are given in Table 1 . The sections were exposed to the antiserum for 24 h at 4°C in a moist chamber. The site of the antigen-antibody reac tion was revealed by application of FITC-labeled antibod ies against immunoglobulin G (MILAB, Malmo, Sweden) in a dilution of 1 :320 for 1 h at room temperature. Con trol sections were exposed to antiserum that had been preabsorbed with an excess amount of the antigen (10-100 /-Lg of synthetic or pure natural peptide per mililiter diluted antiserum). Cross-reaction with other unknown peptides or proteins sharing amino acid sequences with the examined peptides cannot be excluded. The immuno reactive material should appropriately be referred to as NPY-like, VIP-like, and so on. For brevity, however, the shorter terms (NPY, VIP, etc) are often used.
RESULTS
Retrograde tracing
After exposure to TB a small area of the middle cerebral artery invariably displayed a homogenous accumulation of bright blue fluorescence, while other parts of the cerebrovasculature were devoid of such staining as was the underlying brain tissue. Two weeks after the application a blue fluorescence appeared in nerve cell bodies of all ganglia studied with the exception of the geniculate ganglion. Oc casionally small clusters of labeled nerve cell bodies could be seen in TB-Iabeled ganglia but usually only single neurons were labeled ( Table 2 ).
In the ipsilateral superior cervical ganglion nu merous small TB-containing nerve cell bodies were seen in the cranial pole of the ganglion (F ig. O. Two of the contralateral ganglia contained a small amount of TB-Iabeled nerve cell bodies. The ipsi lateral sphenopalatine and otic ganglia contained a moderate supply of TB-Iabeled nerve cell bodies (F ig. 2). In two of the rats, the contralateral sphe nopalatine ganglion harbored a few TB-Iabeled nerve cell bodies, whereas the contralateral otic ganglion did not reveal any TB-Iabeled nerve cell bodies.
The majority of the rats did not exhibit any label ing of the nodose ganglia except for one rat in which a few nerve cell bodies were seen in the ipsilateral nodose ganglion. Neither the ipsilateral nor the con tralateral geniculate ganglion exhibited any TB labeling.
A rich supply of TB-labeled nerve cell bodies was seen in the first division of the ipsilateral trigeminal ganglion (F ig. 3); a few nerve cell bodies were sometimes seen in other divisions. Also the contra- lateral trigeminal ganglion contained a moderate number of TB-Iabeled nerve cell bodies. In the ip silateral cervical dorsal root ganglion at level C2, a moderate supply of large and small TB-containing nerve cell bodies was seen (Fig. 4) . In addition, a few TB-Iabeled nerve cell bodies could be seen oc casionally in the contralateral C2 ganglion ( Table 2) .
Peptides in TB-Iabeled nerve cell bodies
Due to the restricted localization of the applied TB, it is to be expected that only part of the nerve cell bodies that project to the middle cerebral artery will be labeled (Table 3 ). In the superior cervical ganglion a considerable part of the TB-Iabeled nerve cell bodies contained NPY. In the otic and sphenopalatine ganglia, 30 and 60% of the TB labeled nerve cell bodies displayed VIP immunore activity, respectively. In the trigeminal and dorsal root ganglion at level C2 40 and 30% of the labeled nerve cell bodies were CGRP immunoreactive, re spectively; a minority of the nerve cell bodies dis played SP immunofluorescence (Table 3) . A pro portion of the TB-Iabeled nerve cell bodies could not be accounted for in terms of the four peptides studied.
DISCUSSION
TB was applied to the middle cerebral artery in the rat in order to trace the different nervous path ways to this vessel. The value of TB as retrograde neuronal tracer is well documented (Skagerberg et aI., 1985; Grunditz et aI., 1988) . TB is transported in centripetal direction from nerve terminals. The spectral characteristics of TB makes it well suited for use in combination with FITC immunofluores cence (Sawchenko and Swanson, 1981; Grunditz et aI., 1988) . The findings of the present study are ba sically in agreement with previous studies per formed on the cat middle cerebral (Liu-Chen et aI.,
1984; Mayberg et aI., 1984; Tsai et aI., 1985) or the basilar artery (Walters et aI., 1986) . These authors found that the superior cervical, the sphenopala tine, the otic, and the trigeminal ganglia contribute to the innervation of these vessels. After applica tion of a retrograde tracer to the middle cerebral artery of rat, TB-labeled cells have been noted in the trigeminal ganglia (O'Connor and van der Kooy, 1986 Kooy, , 1988 . In addition, Arbab et aI. (1986) ob served that after application of wheat germ aggluti nin horseradish peroxidase to the basilar artery, nerve cell bodies can be seen bilaterally in the su perior cervical and stellate ganglia. In the present study, we observed that TB application around the rat middle cerebral artery resulted in labeling mainly of the nerve cell bodies in the ipsilateral su perior cervical ganglion. However, labeling was also seen in the contralateral ganglion. This is sup ported by previous studies in the cat (Mayberg et aI., 1984) . Noradrenaline and NPY are known to be stored together in nerve cell bodies in sympathetic ganglia (Ekblad et aI., 1984) . In the present study, it was found that every second TB-Iabeled nerve cell body in both the ipsi-and contralateral superior cer- vical ganglion was NPY immunoreactive. Previous studies have shown that NPY and dopamine �-hydroxylase, a marker for catecholaminergic neu rons, are localized together in ganglion cells of the superior cervical ganglion and in perivascular fibers of brain vessels (Edvinsson et al., 1987a) . The present study is unique in that it offers the demon stration not only of the axonal transport of a marker, such as TB, from the middle cerebral artery to sympathetic ganglion cells but also the co localization of the marker and NPY.
The origin of the parasympathetic (cholinergic) innervation of the brain circulation has, despite de cades of research, been elusive. It was thought to involve the geniculate and the sphenopalatine gan glia (cf. Edvinsson et aI., 1972) . We found, how ever, no TB in the geniculate ganglion, while posi tive staining was seen in the sphenopalatine and otic ganglia. This is in concert with denervation studies by Hara and colleagues (1985) who noted that a considerable fraction of the cerebrovascular cholin ergic fibers contains VIP and originates in the sphe nopalatine ganglion. In the rat model, neither O'Connor and van der Kooy (1986) nor Arbab et aI. (1986) reported any labeling of the sphenopalatine ganglion. The moderate supply of TB-positive nerve cell bodies in the sphenopalatine and otic gan glia following TB application to the middle cerebral artery confirms results obtained with horseradish peroxidase tracing in the cat (Walters et aI., 1986) . Presently, we observed a few TB-positive cell bod ies also in the contralateral sphenopalatine gan glion. This may be due to a higher sensitivity in the detection system for TB (fluorescence microscopy) than for horseradish peroxidase (light microscopy). Furthermore, we were able to show that between 60 and 30% of the TB-positive cell bodies also showed immunoreactivity for VIP. This offers clear evi dence for the origin of at least a considerable pro portion of cerebrovascular VIP fibers in the sphe nopalatine and otic ganglia.
The major source of the afferent input to the ce rebral circulation is considered to be via the trigem inal ganglion (Ray and Wolff, 1940) . This is in agree ment with the present and several other tracing studies (Mayberg et al., 1984; Arbab et al., 1986; O'Connor and van der Kooy, 1986, 1988) where a labeling was seen in ipsilateral trigeminal cell bod ies. In addition, we noted a moderate supply of la beled nerve cell bodies in the dorsal root ganglion at the C2 level. In one single animal, a few nerve cell bodies were seen also in the ipsilateral nodose gan glion. This may, of course, be due to leakage of TB. In contrast to previous investigations, we observed
a fair number of TB-containing nerve cell bodies contralaterally. This offers further evidence of the complexity of putative neurogenic mechanisms in volved in the cerebral circulation. In previous stud- , 1985) . The TB-Iabeled nerve cell bodies in the trigeminal (40%) and dorsal root (30%) ganglia showed positive immunostaining for CGRP; in a few instances, the labeled nerve cell bodies exhibited SP-immunoreactivity (about one third), being in excellent concert with a parallel Ganglia were sectioned serially and labeled nerve cell bodies were counted in every third section of each ganglion. Since only few nerve cell bodies were labeled in the ganglia, due to the very small amount of TB that was placed on the artery, detailed "sta tistics" would give the reader a false sense of confidence spec ificity.
study by O'Connor and van der Kooy (1988) , es tablishing the fact that perivascular CGRP and SP fibers originate in these ganglia.
The results of the present study indicate that the superior cervical, the sphenopalatine, the otic, and the trigeminal ganglia and the dorsal root ganglion at level C2 contribute to the perivascular peptidergic nerve supply of the rat middle cerebral artery. An interesting finding was that contribution to the in nervation was obtained not only from ipsilateral ganglia but also, although only to a minor degree, from contralateral ganglia. 
